Gypsum has a long history as a soil amendment. Information on how flue gas desulfurization (FGD) gypsum affects soil, water, and plant properties across a range of climates and soils is lacking. We conducted a meta-analysis using data from 10 field sites in the United States (Alabama, Arkansas, Indiana, New Mexico, North Dakota, Ohio, and Wisconsin). Each site used three rates each of mined and FGD gypsums plus an untreated control treatment. Gypsum rates included a presumed optimal agronomic rate plus one rate lower and one rate higher than the optimal. Gypsum was applied once at the beginning of each study, and then data were collected for 2 to 3 yr. The meta-analyses used response ratios (R) calculated by dividing the treatment value by the control value for crop yield or for each measured element in plant, soil, and vadose water. These R values were tested for their significance with z values. Most R values varied only slightly from 1.00. Gypsum significantly changed more R values from 1.00 for vadose water than for soil or crop tissue in terms of numbers of elements affected (11 for water, 7 for soil, and 8 for crop tissue). The highest R value for soil was 1.57 (Ca) which was similar for both mined and FGD gypsum, for crop tissue was 1.46 (Sr) for mined gypsum, and for vadose water was 4.22 (S) for FGD gypsum. The large increase in Ca and S is often a desired response to gypsum application. Lowest R values occurred in crop tissue for Mg (0.89) with FGD gypsum and for Ni (0.92 or 0.93) with both gypsums. Although some sites showed crop yield responses to gypsum, the overall mean R values for mined gypsum (0.987) and for FGD gypsum (1.00) were not significantly different from 1.00 in this short-term study.
G ypsum (CaSO 4 ×2H 2 O) is a quality source of Ca and S and has many beneficial uses in agriculture (Wallace, 1994) . The most fundamental agricultural use for gypsum is to provide Ca and S for plant nutrition, and this occurs any time gypsum is used as a soil amendment. Some additional uses of gypsum include (i) remediating sodic soils by displacing Na with Ca (Mao et al., 2016) ; (ii) ameliorating subsoil acidity (Shainberg et al., 1989; Sumner, 1993) by displacing Al 3+ with Ca 2+ followed by the Al 3+ combining with SO 4 2− from gypsum to form a less toxic entity; (iii) serving as an electrolyte source to promote rainwater infiltration and percolation and reduce soil swelling, dispersion, and crusting (Oster, 1982; Shainberg et al., 1989; Dontsova and Norton, 2002) ; and (iv) reducing water-soluble P coming off of fields Torbert, 2009, 2016; Torbert and Watts, 2014; King et al., 2016) . These effects have the potential to improve soil and water quality and also crop yields. The sustainable use of flue gas desulfurization (FGD) gypsum was recently summarized from a group of 10 papers published in a special section of this journal (Watts and Dick, 2014) . Two other recent and relevant reviews on the use of gypsum as a soil amendment were authored by Wang and Yang (2018) and Zoca and Penn (2017) .
Increasing volumes of FGD gypsum have become available for agricultural use due to electricity-producing utilities installing forced oxidation scrubbers that produce byproduct gypsum. The USEPA has published a brochure that describes agricultural uses of gypsum, specifically FGD gypsum, as a soil amendment (USEPA, 2008) . The USDA-NRCS has also published a national standard related to appropriate use of gypsum for different purposes (USDA-NRCS, 2015) . To date, 20 states have included the standard for applying gypsum as a soil amendment for promotion of this practice in their state (USDA-NRCS, 2018). However, continued widespread adoption of FGD gypsum by farmers and regulatory personnel requires documentation of its effectiveness and safety.
Adoption of practices in agriculture is facilitated if there are shared data and experiences that support the value and safety of the practices. This paper describes work conducted as part of a national research network of 10 field sites in six states of the United States (Alabama, Indiana, North Dakota, New Mexico, Ohio, and Wisconsin) to gain data and experience related to the beneficial uses of gypsum, especially FGD gypsum, in agriculture and other land applications. The objectives of the experiments in the network were: (i) to determine the appropriate rates and technologies for FGD products use in agriculture; (ii) to evaluate the soil chemical and environmental effects of FGD products when applied to different soil types for improving crop productivity; (iii) to document the effectiveness of FGD gypsum for improving crop yield; and (iv) to compare the performance of FGD gypsum with that of commercial (mined) gypsum products.
Results from all of the individual studies in the network have been previously published (Table 1 ) and can be freely downloaded. Research conducted on test plots in Arkansas during 2007 to 2009, as part of this network project but not this meta-analysis, is reported in Dick et al. (2013) . This study from Arkansas showed that gypsum treatment improved seedling emergence by 23%. Surface application of gypsum was also found to improve water infiltration and soil water content and to correct subsoil Al toxicity. However, these benefits were not noted until the third year after gypsum application, indicating that time is required for soil changes to occur and for the benefits of the gypsum application to be realized. An environmental impact study using earthworms as bioindicators of the impacts of FGD gypsum as a soil amendment (Chen et al., 2014) was also part of this research network. This study included data from four of the study sites (Alabama, Indiana, Ohio, and Wisconsin).
This paper provides a summary of gypsum effects on crop yield and on the chemistry of soil, plant tissue, and vadose water using a meta-analysis approach of the combined data from the 10 network studies.
Materials and Methods
The FGD research network consisted of studies conducted in seven states (Table 1) . For this meta-analysis, data from 10 field studies that were conducted in six of these states were used (Table 2 ). There were two field studies in Alabama, North Dakota, Ohio, and Wisconsin and one each in Indiana and New Mexico. The studies at these 10 sites used a uniform design that tested two gypsum sources (commercial mined gypsum and FGD gypsum) at three rates each, plus an untreated control or check, resulting in seven treatments. The Arkansas study site was not included in this meta-analysis, as it had a different experimental design and research objectives than the other sites.
The mined gypsums were pelletized in texture but would pass a 2-mm sieve, whereas the FGD gypsums were finer in texture (not pelletized). At each site, the three gypsum rates included a presumed optimal rate and one rate lower and one rate higher than the optimal rate. There were variations in gypsum rates among the studies (Table 2 ). All studies except Indiana used four replications of the seven treatments in small plots in a randomized complete block design. Indiana used long farm-scale strips (18.3 ´ 564 m) in a completely randomized design, also with four replicates. At each site, gypsum amendments were applied once at the beginning of the study and then data on soil, crop, and vadose water chemistry and on crop yields were collected for 2 to 3 yr. For hay crops involving multiple harvests during the growing season, meta-analysis used the total annual yield summed from all cuttings during the year.
Analyses of gypsums was conducted by the Service Testing and Research (STAR) Laboratory at The Ohio State University (https://u.osu.edu/starlab/) and included total neutralizing power, lime test index, and pH; soluble salts (electrical conductivity) on a 1:2 soil/water mix; and total S, total N, and total C by combustion analysis. A suite of 27 elements was also measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES) after an extended microwave sample digestion using HNO 3 and HCl. This suite included P, K, Ca, Mg, S, Al, B, Cu, Fe, Mn, Mo, Na, Zn, As, Ba, Be, Cd, Co, Cr, Ni, Pb, Sb, Se, Si, Sr, and V. Beginning in June 2008, Tl was included in the ICP analysis. Finally, Hg was measured separately by a dedicated analyzer (CETAC M8000) using cold vapor atomic fluorescence spectrometry (CVAFS).
Soil, plant tissue, and vadose water samples were also analyzed by the STAR Laboratory for 27 elements using ICP-AES, and for Hg by CVAFS. The vadose samples were analyzed after filtering instead of after microwave digestion as was done for soil and plant tissue. Chemical analyses were always done on samples from areas receiving the highest gypsum rate in conjunction with the control (check) samples, but generally not on samples from the lower two gypsum rates. Vadose water was collected from suction lysimeters installed at the 60-cm depth in the untreated control (check) and the plots with the highest gypsum rate at the sites in Alabama (two sites), Indiana, and Wisconsin.
Meta-analyses were performed for element concentrations in soil, plant tissue, and vadose water, and also on crop yields using procedures outlined by Borenstein et al. (2009) . The treatment values and control values used to calculate the response ratios (R) were means of the four replications from each study for a sampling instance. The natural log of the R value [L = ln(R)] for each element or yield was the response variable (Paul et al., 2007) . For each variable, separate meta-analyses were computed for mined gypsum and FGD gypsum. In a fixed-effects meta-analysis, the individual studies are weighted in inverse proportion to the variance in each study, with variance estimated as the mean square error from an ANOVA (SAS Institute, 2000) . This meta-analysis was conducted using data from 10 different sites in the United States that varied in climate, soil type, and crops grown (Table 2) . Two sources of gypsum (i.e., mined and synthetic FGD gypsums) were applied to each site at one-time application rates that varied from 0.2 to 22.4 Mg ha −1 . Samples were then collected to determine the effect of the gypsums on crop yields and on element concentrations in soil, plant tissue, and lysimeter (vadose zone) water samples. The total number of site-years represented for soil, plant tissue, and lysimeter (vadose zone) water samples was 20, 25, and 17, respectively (Table 3) .
Although the studies used a uniform design, there were variations in rates among the studies, so a random-effects model was used for the meta-analyses. The random-effects model includes an estimate of the variance between studies that is added to the variance within each study to produce the weighting factor for each study. To determine whether the computed L was significantly different from zero, it was tested with a z score and the table of standard normal cumulative probability. A z score (z = L/SE of L) of 1.96 represents a probability of 95%. After metaanalyses were completed, the L values were converted back to R values. In addition to the meta-analyses, mean L was calculated for each response variable without doing a meta-analysis. Table 3 shows the total number of site-years and distribution of site-years by gypsum rate for the data sets used in the soil, plant tissue, and vadose water meta-analyses. For yield, there were 63 observations for each gypsum type. There were more observations for yield than for soil, plant tissue, or water chemistry because yield was always measured for all seven treatments in each study, but chemical analyses were usually only done on the control (check) and highest gypsum rate for each study to reduce analytical costs. Therefore, the results are an evaluation of what would be expected at rates that would be at the high end of actual rates used by farmers. This information on distribution of rates is provided to indicate the data sets used in the meta-analyses had a relatively high representation of the higher gypsum rates.
Results
The soils that were included in this study were not considered highly degraded although some exhibited conditions that would restrict crop growth. For example, the North Dakota soils were quite acidic (pH values ? 4.8), as was the Alabama Huxford site soil (pH 5.6) ( Table 2) . Also, the soil in New Mexico was considered sufficiently sodic or saline so as to restrict crop growth. Farmers are increasingly using gypsum as a soil amendment on soils that may not be considered potentially responsive to gypsum, and this study provides a short-term look (2-3 yr) at the response of these soils, both in terms of crop yields and environmental impacts. Also, all of the soils had loam textures except at the Wayne, ND, site where the texture was silty clay.
The chemical characteristics of the gypsums revealed several notable differences for the gypsums when comparisons were made between mined and FGD gypsums at each site (Table 4) . Mined gypsum usually had greater K and Mg, and always had greater Na and Sr, than the corresponding FGD gypsum. Flue gas desulfurization gypsum always had greater Hg than mined gypsum.
The minimum and maximum element concentrations for the soil, plant tissue, and vadose water data sets used in meta-analyses are reported in Table 5 . This provides a context of the range of values included in the meta-analyses. Depending on the type of sample being analyzed, some elements were always or usually below the ICP detection limits and were not included in Table 5 or in the meta-analyses. These elements include Be, Mo, Sb, and Tl for soil; Al, As, Ba, Be, Cd, Co, Fe, Mo, Na, Pb, Se, Si, and Tl for plant tissue; and Al, As, Be, Cd, Co, Fe, Pb, Se, and Tl for vadose water.
Soil Elements
Response ratios were near 1.0 for most soil element concentrations for both mined and FGD gypsums (Fig. 1) . Table 6 provides details for those soil elements (and also plant and vadose water elements) that, from the meta-analysis, had significant R and z values. For soil elements, there were large effects on R values of Ca and S for both gypsum types and of Sr (R = 1.35) for mined gypsum.
Several elements (K, Mg, Na, and Zn) had z values for one or both gypsums that were significantly different from zero. However, the corresponding R values varied <10% from 1.0. Mercury and Se are considered elements of concern when using FGD gypsum as a soil amendment, but none of these elements had significant z values.
Plant Elements
Similar to soil, most of the element concentrations in crop plant tissues such as grain or hay had R values near 1.0 (Fig. 2) . Mined gypsum had a large effect on the R value for Sr but also increased R values of Ca, S, and Sb by at least 10% (Table 6) . For FGD gypsum, only S had an R value >1.1. In contrast with mined gypsum, Sr was decreased by FGD gypsum. Calcium had a large and negative z value for FGD gypsum, but the R value was only 1.06. Magnesium showed a strong decrease (R = 0.89) for FGD gypsum. Both gypsums had decreased R values for B, Ni, and P. 
Vadose Water
Gypsum amendment had greater effects on chemistry of vadose water (Fig. 3) than on soil or plant tissue. For both gypsum types, there were significant z values and large R values for numerous elements (Table 6 ). The R value was greatest for S but was also large (>1.5) for Ca, Cr, Mg, Sb (FGD gypsum only), and Sr. A large R value (e.g., >1.5) suggests potential leaching losses from soils due to gypsum treatment. There was no large effect of gypsum on Hg in vadose water (Fig. 3) . Arsenic and Se were not included in the vadose zone meta-analysis because they were usually below the detection level.
Yield
Effects of gypsum amendments on crop yields are summarized in Table 7 . The top part of the table includes means for R values by gypsum rates without meta-analysis. The right side of the table shows mean yields by rate for the check (no gypsum), mined gypsum, and FGD gypsum treatments. There were no consistent yield responses to rate for either of the gypsum materials, but R values tended to be greater for the gypsum application 130 † FGD, flue gas desulfurization. ‡ R = concentration in treated plot/concentration in control plot. Metaanalysis is performed on L = ln(R) and then converted back to R. § These z values are not significant at p = 0.05, but the response ratios were included in the table for completeness to allow for comparison between gypsum types. . The large variations between gypsum rates are due to differences in the mix of crop types represented for the different rates. At the bottom of Table 7 , the meta-analyses combining all gypsum rates for mined gypsum or FGD gypsum showed no significant gypsum effects (i.e., there were low z values), and R values differed only slightly from 1.
Discussion
Because of the increasing use of gypsum as a soil amendment, there is a continuing need for research information. In addition, the source of gypsum for agricultural use has changed. Mined gypsum has mostly been replaced by synthetic gypsum from scrubbers at coal-powered electrical utilities that produce large amounts of FGD gypsum (American Coal Ash Association, 2016).
Data are scarce that evaluate the effects of using various sources of gypsum as a soil amendment for agricultural purposes across large spatial scales. This study reports findings from a multiyear study at 10 sites located across a large geographic area of the United States. Each site conducted a study that continued for a 2-to 3-yr period. The soils at the 10 sites ranged in texture from sandy loam to silty clay (Table 2) . Climate varied from colder and wetter in Wisconsin to hotter and dryer in New Mexico. Rates (one-time application) of gypsum applied also varied from a low of 0.2 to a high of 22.4 Mg ha −1 . The total number of site-years for which samples were obtained ranged from 17 to 25 (Table 3) . This provided a robust data set because it spans the purposes and application rates for which gypsum is commonly applied to soils (Chen and Dick, 2011) . Thus, the results should be applicable to locations and types of soils in the United States that are similar to those included in this meta-analysis.
Various gypsum products have been approved for use as soil amendments by the USDA-NRCS, and 20 states have included a national standard for various appropriate uses of gypsum (USDA-NRCS, 2015 . Cost share is available for applying gypsum, including synthetic gypsums such as FGD gypsum, to agricultural soils in these states via the USDA-NRCS Environmental Quality Incentives Program (EQIP). However, questions are often raised about the environmental impact of using FGD gypsum, and one of the specific aims of this project was to investigate this issue.
The results of this meta-analysis of soil, plant and vadose water data from the 10 sites in the United States (Tables 5 and 6 , Fig. 1-3 ) have shown few environmental impacts of using gypsum, including FGD gypsum. The R values of almost all nutrients and trace elements for both mined and FGD gypsum is near 1.0. This indicates that the two sources of gypsum provided similar results as far as affecting these different types of samples and had little effect compared with the check samples. Calcium and S, however, were elements where the two gypsums have R values significantly greater than 1.0 for all sample types (i.e., soil, plant, and vadose water samples). This is not surprising, as pure gypsum contains 23.3% Ca and 18.6% S. Also, the increased Ca levels in soil and water due to gypsum applications can represent a viable treatment for reducing soluble P loadings from soil to surface waters Torbert, 2009, 2016; Torbert and Watts, 2014; King et al., 2016) .
From the meta-analyses, other elements with R values >1.25 for mined gypsum were Sr in soil, Sr in plant tissue, and B, Cr, Mg, Mo, Ni, Sb and Sr in vadose water (Table 6 ). This means the mean concentrations of these elements in samples where gypsum was applied, averaged across all 10 sites, were 25% greater than for the check treatment (i.e., no gypsum applied). There were only a few R values <1.0 in these samples.
For FGD gypsum, elements with R values >1.25 were only observed for vadose zone water samplers and included Ba, Cr, Mg, Mo, Na, Ni, Sb, and Sr. Molybdenum and Zn had R values of 1.21 and 1.22, respectively, that were just under 1.25. Although these values show potential effects of gypsum to increase leaching of various elements from soil, the actual concentrations were in the low mg kg −1 (ppb) range and below any level that would pose an environmental concern.
Gypsum is known to affect Mg concentrations in soil (Alva et al., 1998; Kukier et al., 2001; Ritchey and Snuffer, 2002) , and this was reflected in the R values of Mg in the vadose water samples. This was due to the replacement of Mg by Ca in the soil, thus mobilizing the Mg and allowing it to move into the interstitial soil water. Gypsum also flushed other elements into the interstitial soil water that were then collected in the lysimeters.
The differences between mined and FGD gypsum were most noticeable for vadose water samples, with eight elements having R values >1.25 for mined gypsum and 11 elements for FGD gypsum. Not only were there more elements affected, but the values of the R values were, in every case, higher for the FGD gypsum than the mined gypsum sample. This can be attributed to the more uniform and small particle size of the FGD gypsum, compared with the mined gypsum, which leads to faster solubilization and movement into and through the soil profile.
Mercury requires special attention because it is the trace element most often negatively associated with the use of FGD gypsum as a soil amendment. The Hg concentrations were always 6,460 z = −0.883 z = 0.191 † The large differences in yields between rates are due to differences in crop types. ‡ FGD, flue gas desulfurization. § Mean R by rate and the summary effect by meta-analysis are computed using L = ln(R) and then converted back to R. much higher in FGD gypsum samples than in mined gypsum samples (Table 4) . However, the Hg concentrations in soil, plant tissue, and vadose water samples were only slightly changed compared with results from the check (Table 5) . Table 6 also indicates no significant z value for Hg. A study by Wang et al. (2013) reported contrasting results in that FGD gypsum application rates increased Hg concentrations in topsoils. Consequently, they found that Hg concentrations in some plants and air emissions increased, but concentrations at lower soil depths and in underground water did not increase. Plants assisted in keeping Hg in the soils and preventing Hg infiltration into groundwater. The fact that the primary Hg compounds in FGD gypsum are HgS phases suggests that leaching of Hg in natural environments is expected to be low (Zhu et al., 2016) .
Amending soils with gypsum to improve their physical and chemical properties is increasingly being practiced. A survey conducted by Forster (2014, 2015) revealed that the number one reason farmers used gypsum was because they believed it helped improve crop yields. In this study, conducted for a maximum of 3 yr at each site, no crop yield benefits were found to be associated with gypsum use. There were hints that the higher gypsum application rates (i.e., one-time application rates of ≥10.0 Mg ha −1 ) did provide benefits in terms of yield increase ( Table 7) . The three highest R values corresponded to three of the top four gypsum application rates, and these values indicated a range of yield increases of 8 to 11%. The results from North Dakota, where canola (Brassica napus L.) was used as a test crop on soils that were considered potentially responsive to S, did show a significant yield increase when gypsum or other S sources were applied (Table 1, Electric Power Research Institute Report 1021794).
It must be pointed out that unlike amendments such as N-P-K fertilizers, the responses to gypsum applications to agricultural soils are often delayed because time is needed for the gypsum to affect the chemical and physical properties of soil (Chen and Dick, 2011) . For example, in the survey results reported by Batte and Forster (2014) , long-term users reported higher yield increases than short-term users. This was attributed to users having more experience in managing gypsum use and that yield benefits may accrue over time. In a separate study primarily focused on soybeans [Glycine max (L.) Merr.], gypsum use was found to have a negative impact on profitability . The reasons why farmers report different results for applying management factors such as tillage, and in this case gypsum application to soils, than studies conducted at universities have been summarized (No-Till Farmer, 2018) . One specific and relevant reason given is that 3 to 5 yr are often needed to fully establish a new production system, thus precluding longer-term impacts that cannot be captured by short-term (i.e., 2-3 yr) studies.
Although not a focus of this study, in addition to the interest of farmers in potentially increasing crop yields, gypsum has also been found to have environmental benefits, especially as related to reducing soluble P losses from fields and the movement of soluble P to surface waters Torbert, 2009, 2016; Torbert and Watts, 2014; King et al., 2016 ).
Summary and Conclusions
There were relatively few significant effects of gypsum applications on the response variables (element concentrations or yields) in this network of gypsum studies. Gypsum had stronger effects on vadose water samples than on soil or plant samples. The generally strong effects of gypsum on Ca and S observed in samples are expected because these are the main constituents of gypsum. Although some sites showed crop yield responses to gypsum, the overall mean R values for mined gypsum (0.987) and for FGD gypsum (1.00) were not significantly different from 1.00 in this short-term study.
